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 Polidan et al [1] described a large Evolvable Space Telescope (EST) that meets the requirements for 

the UV-Optical-IR telescopes defined by the Advanced Technology Large Aperture Space Telescope 

(ATLAST) [2] and High Definition Space Telescope (HDST) [3] studies, which could be affordably 

developed in an era of flat NASA budgets.  This telescope would be developed, launched and operated in 

several stages over a period of 20-30 years, using on-orbit assembly and servicing technologies to 

continually increase its collecting area and instrument capability, while spreading its cost over many years 

to avoid funding peaks that required an inordinate fraction of NASA’s astrophysics budget. We propose a 

probe-class mission that would provide a modified approach to deploying and further enhancing the 

affordability of the first stage of an EST.  

 Starting from the concept of an Evolvable Space Telescope (EST) as developed by Northrop 

Grumman and external team members and embodying a basic principle of EST (affordable and 

chronologically level development costs), we envision a new approach to the early stages of such a 

program.  The current EST program assumes deployment of the telescope in three phases (roughly five 

years apart) with increasing scientific capability to complete a 12 to 20-meter space telescope in a halo 

orbit about the second Sun-Earth Libration Point SEL2.  Phase 1 employs a primary mirror (PM) with 

three hexagonal segments, Phase 2 has a primary with six segments, and Phase 3 has 18 primary mirror 

segments.  If each segment measures 4 meters from flat-to-flat, the result is a 4 x 12 meter off-axis 

aperture in Phase 1; a 12 meter filled aperture in Phase 2; and a 20 meter filled aperture in Phase 3. 

 We propose adding an earlier phase to the EST program, called the ForeRunner (ForEST) that would 

consist of a single hexagonal 4 meter (flat-to-flat) primary mirror to create an off-axis telescope with 

(probably) a single instrument (most likely a coronagraph) at the prime focus.  This Phase Zero telescope 

would later be augmented by the launch of two additional segments (plus additional instruments, 

structure, etc.) and their assembly into a complete three segment Phase 1 telescope, essentially the same 

as in the original EST concept.  Phases 2 and 3 would then follow in much the original manner.  Note that 

this strategy would also provide an opportunity for a gradual buildup of the necessary industrial 

architecture and testing capability (including in space) of its initial products, followed by a long-term 

production lifetime with an inherent learning curve. 

 Design of the initial 4 meter mirror segment and the mechanisms needed for its later attachment could 

provide a significant programmatic and scientific benefit, since it might be possible for ForEST to begin 

active observations not too long after the deactivation of the Hubble Space Telescope (HST) and while 

both the James Webb Space Telescope (JWST) and the Wide Field InfraRed Space Telescope (WFIRST) 

remain in active operation.  This would in turn enable continued observations as JWST and WFIRST 

were reaching the end of their respective lifetimes and the full EST was in deployment and beginning 

operations as the complete Phase 1 system.   

 Adopting this strategy will, of course, require paying careful attention to the use of available in-space 

infrastructure, as it develops to support human exploration and commercial exploitation of space.  The 

future course of this infrastructure development is not clear at this time, but there are several concepts 

under consideration that could provide the necessary assembly and deployment support, ranging from 
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small to very large.  For this White Paper, we need only note two mission concepts under consideration 

by the NASA Satellite Servicing Capabilities Office (SSCO) [4]: 

 At the small end of the scale, the SSCO is soliciting information and concepts for a system known 

as Restore-L, a servicing spacecraft massing around 1,000 kg or slightly more, and designed to 

refuel low orbit spacecraft (and perform limited other servicing missions as possible) using 

remote teleoperation of robotic tools. 

 At the large end, the SSCO has described a Human/Robotic Telescope Servicer designed to work 

in deep space in the company of a manned platform to control the operations and intervene 

directly if necessary.  The mass of this system would be around 30,000 kg. 

 The needs of affordability for ForEST and the schedule urgency created by the coming retirement 

of major astrophysical telescope systems certainly seem to favor acquisition of servicing spacecraft from 

the first of these two classes, although this conclusion is subject to modification dependent upon 

infrastructure developments that may occur to support human exploration missions.  To enable servicing 

operations throughout cislunar space, and to aid human exploration, a somewhat larger vehicle than 

Restore-L, massing around 5,000 kg and designated MiniServ [5] in earlier publications, may represent 

the best selection. 

 Starting from this context, we propose to conduct a study addressing two mission concepts: 

 The ForeRunner Evolvable Space Telescope (ForEST) to serve as an affordable, early Phase Zero 

of a large EST, such as has been proposed in earlier mission concept studies, and 

 The MiniServ Satellite Servicing System and its ability to enable assembly of large space 

telescopes launched in unassembled states (to reduce mass, risk, and cost) that are capable of only 

limited amounts of self-deployment. 

 We believe that the combination of these two mission concepts could accelerate the deployment of 

new, large astrophysical space telescopes in deep space, enhance their affordability, and reduce the risk of 

long gaps in space-based astronomy across the UV-Visible-IR spectrum that may follow the completion 

of the HST, JWST, and WFIRST missions.   
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HORUS – THE HIGH ORBIT ULTRAVIOLET-VISIBLE SATELLITE 
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Executive Summary 
The High-ORbit Ultraviolet-visible Satellite (HORUS) is a 
2.4-meter class space telescope that will conduct a 
comprehensive and systematic study of the astrophysical 
processes and environments relevant for the births and life 
cycles of stars and their planetary systems, to investigate 
and understand the range of environments, feedback 
mechanisms, and other factors that most affect the outcome 
of the star and planet formation process.  
To do so, HORUS will provide 100 times greater imaging 
efficiency and more than 10 times greater UV 
spectroscopic sensitivity than has existed on the Hubble 
Space Telescope (HST). The HORUS mission will 
contribute vital information on how solar systems form and 
whether habitable planets should be common or rare. It 
also will investigate the structure, evolution, and destiny of 
galaxies and universe. This program relies on focused 
capabilities unique to space that no other planned NASA 
mission will provide: near-UV/visible (200-1075nm) wide-
field, diffraction-limited imaging; and high-sensitivity, 
high-resolution UV (100-170nm) spectroscopy. Our 
implementation offers ample opportunity for international 
participation.   
HORUS is designed to be launched into a semi-stable orbit 
at Earth-Sun L2. From this vantage HORUS will enjoy a 
stable environment for thermal and pointing control, and 
long-duration target visibility.  The core HORUS design 
will provide wide field of view (WFOV) imagery and high 
efficiency point source FUV spectroscopy using a novel 
combination of spectral selection and field sharing.  The 
HORUS Optical Telescope Assembly (OTA) design is 
based on modern light weight mirror technology with a 
faster primary mirror to shorten the overall package and 
thereby reduce mass.  The OTA uses a three-mirror 
anastigmat configuration to provide excellent imagery over 
a large FOV.  The UV/optical Imaging Cameras use two 
21k ! 21k Focal Plane Arrays (FPAs) consisting of thirty-
six Si 3.5k ! 3.5k CCD elements each.  The FUV 
spectrometer uses cross strip anode based MCPs improved 
from HST-COS technology.  Fine guidance sensing is 
accomplished via Si arrays mounted at the Cassegrain 
focus.   
We have baselined a total cost for the mission of $1.28B 
FY17 including 30% contingency excluding the cost of the 
launch vehicle, based on a revised cost and technology 
study conducted at the request of the 2010 Decadal Survey 
and extrapolated to today.  The capabilities and advantages 
HORUS brings to the table are derived from a combination 
of its aperture, its imaging field of view and its FUV 
spectral throughput.  It could not be done by a MIDEX 
class mission. 
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Science Program 

The HORUS science program employs a step-wise 
approach in which both imaging and spectroscopy 
contribute essential information to our investigation.  

Step 1 ! Conduct an imaging census of all high-mass 
star formation sites within 2.5 kpc of the Sun to 
determine how frequently solar systems form and 
survive, and develop observational criteria connecting 
properties of the ionized gas to the underlying stellar 
population and distribution of protoplanetary disks.  

Step 2 ! Survey all major star forming regions in the 
Magellanic Clouds, where we can still resolve relevant 
physical scales and structures, access starburst analogs, 
and sample star formation in an initial regime of low 
metallicity applicable to high-redshift galaxies.  

Step 3 ! Extend the star formation survey to galaxies 
in the nearby universe in order to increase the range of 
galaxy interaction and metallicity environments 
probed. HORUS can observe entire galaxies surveyed 
by GALEX and Spitzer with more than 100 times better 
spatial resolution.  

Step 4 ! Measure star formation and metal production 
rates in the distant universe to determine how galaxies 
assemble and how the elements critical to life such as C 
and O are generated and distributed through cosmic 
time. 
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Deep Survey Telescope: Exploring the First Billion Years 
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Deep near infrared and time domain discovery space remains largely unexplored in the era of time domain astrophysics, even 

though the technology exists to do so now.  This white paper presents a mission concept for exploring the origin and evolution 

of large scale structure during the Universe’s first billion years by direct observation of the entire sky within that discovery 

space.  Though optimized for this primary science driver, this all-sky NIR and time domain survey will raise the entire 

astronomical community’s data foundation to unprecedented levels.  This work draws heavily on the approach and scientific 

success of the Sloan Digital Sky Survey (its primary science driver was one million galaxy redshifts) and is fully 

complementary to all operational and planned observatories as well as all completed, in-progress, and planned sky surveys. 

 

Science Drivers 

The early Universe is largely known through models and isolated deep observations, neither of which well-predict the 

assembly of baryons into the earliest structures.  The birth epoch of the first super-massive black holes and activation of the 

first QSOs are unknown observationally, though predicted by existing models to be accessible by existing technology (e.g., 

large ground-based observatories, JWST).  Assembling baryons into the first massive galaxies and clusters, as evidenced by 

isolated deep observations, appears to have started earlier and progressed much more rapidly than predicted by existing 

models.  Onset of the first Type 1a supernovae (SNe-1a) is a definitive milepost at the end of the first billion years that can be 

used to empirically establish the end of this early era, yet it has not been observed.  No existing or planned experiment will fully 

conduct this science.  JWST has the light collecting ability to observe such events as the first QSOs and clusters, and the onset 

of SNe-1a, but not the field-of-view to routinely discover them and characterize their environments.  LSST will successfully 

explore subsequent generations of such phenomena, but is ultimately limited to moderate redshift by its cutoff at optical NIR 

wavelengths and the NIR-bright and variable sky.  Wavelength limitations also exist for WFIRST-AFTA now that it is 

baselined on a warm observatory; it will search another micron further into the NIR in a single pass (several filter bands) over 

5% of the sky.  Only a large-grasp, cold telescope can discover the range of events during the rapidly evolving first billion 

years and characterize the environments within which they originated. 

 

Therefore, the primary science driver for the Deep Survey Telescope (DST) is, “How was large-scale baryonic structure 

assembled in the early Universe?”  This is an empirical study -- direct observation in great depth and breadth is used to 

illuminate our cosmic origins and substantiate existing models.  The secondary but not lesser science driver is, “Provide a 

deep, high photometric and astrometric precision, time-domain survey of the entire sky at near infrared wavelengths to 

enable scientific investigations from planetary science to cosmology.”  In short, DST will chart the observable Universe to 

discover and understand both its earliest and its rarest phenomena.  A few examples of the range of enabled science are 

provided below. 

 

DST will identify at high redshift: 

 The first QSOs 

 The earliest massive galaxies and galaxy clusters 

 High redshift supernovae of all varieties 

DST will identify at low redshift: 

 Host galaxy type and redshift for each supernova discovered by LSST 

 Progenitor star for many future supernovae from Local Group to Virgo cluster  

 Tidal streams and halo structures for Local Group galaxies 

DST will identify in our Solar System 

 Potentially hazardous asteroids 

 Near-Earth asteroids down to 30m 

 Planet (and dwarf planet) resident in Kuiper Belt, Inner Oort Cloud, and possibly Oort Cloud itself 

 

Technical capabilities 

In order for a simple imaging survey to accomplish such ambitious goals, a combination of technology and operational strategy 

is needed.  A deep NIR survey will detect hundreds of billions of individual objects – notable discoveries can only be isolated 

from these vast numbers by producing sufficient information to characterize each object… no small task.  Spectroscopic 

follow-on, even when available, would only characterize 1% or so of the objects imaged.  A single-epoch of observation using 

a broadband filters, such as u, g, r, i, and z in the SDSS imaging survey, will enable separation of objects by type and limited-
































